1. The time course of iron overload of the pancreas in hypotransferrinaemic mice maintained on a standard rodent diet was compared with biochemical and histological markers of tissue damage. 2. Pancreatic iron levels increased linearly from weaning till 9 months of age [73.3 nmol/mg of tissue (SEM 9.9; n =5) compared with 0.9nmol/mg of tissue (SEM 0.1; n =4) in age-matched controls] then decreased linearly till at least 18months of age. 3. Investigation of tissue distribution of newly absorbed radioiron suggested that significant redistribution of iron from liver to pancreas (rather than direct dietary iron sources) must be invoked to explain the rate of pancreatic iron loading in hypotransferrinaemic mice. 4. Pancreatic epithelial cells first showed altered morphology at 9months of age. At 12months of age, the pancreatic epithelium had developed a micronodular appearance, with large numbers of acini replaced by atrophic, degenerated acinar cells. Increased collagen fibre deposition was evident by trichrome staining and by electron microscopy. Biochemical markers of pancreatitis (serum lipase, tissue pancreatitis-associated protein mRNA) were elevated before 9 months of age, whereas the levels of pancreatic amylase mRNA declined from 9 months of age. 5. The data suggest that iron loading of hypotransferrinaemic mouse pancreas proceeds up to a threshold level at 9 months of age followed by a progressive atrophy of secretory epithelium. The hypotransferrinaemic mouse pancreas is a useful model system for investigation of parenchymal cell damage by iron.
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INTRODUCTION
Homozygous hypotransferrinaemic mice have a genetic defect in transferrin synthesis, leading to a virtual absence of circulating transferrin [l] . These mice can, however, be kept alive for near normal life spans by regular injections of serum or of purified transferrin [2] . Due to the short half-life of the injected transferrin, such mice spend most of their lives with very low levels of transferrin [3] and with reduced haemoglobin [4] . The mice also exhibit abnormally high intestinal iron absorption [4, 51, which, coupled with the lack of transferrin, leads to massive iron loading of parenchymal cells [6] .
In recent studies, we have examined these mice as a model for human parenchymal iron overload conditions such as genetic haemochromatosis, atransferrinaemia and neonatal haemochromatosis [7, 8] . The iron loading exhibits features resembling human genetic haemochromatosis and occurs in the mice even though they are fed a rodent diet with normal iron levels [7] . The exocrine pancreas was found to be particularly affected, although liver also showed evidence of early stages of damage. This tissue difference may have been related to a higher tissue iron level, or a particular sensitivity of the pancreatic cells to iron. Laser microprobe analysis suggested that cytosolic or siderosome iron concentrations were not higher, at 12 months.of age, in pancreatic cells than in hepatocytes [S] . Previous models of pancreatic iron overload have developed acinar cell iron loading but showed little or no evidence of damage to these cells [9-111. We wished to examine further the relationship between pancreatic iron levels and the appearance of histological, ultrastructural and biochemical evidence of cell damage. In the present paper, we report the sequence of changes in the tissue and how these relate to iron levels and biochemical markers of exocrine pancreatic damage. The biochemical markers studied include serum activities of amylase and lipase and the expression of the gene for pancreatitis-associated protein (PAP), a marker for acute pancreatitis [12] .
METHOD

Animals
Homozygous hypotransferrinaemic mice (hpx/ hpx) were bred and maintained as described in a previous publication [4] . Briefly, homozygotes were obtained from hpx/+ x hpx/+ matings and maintained by weekly injections of mouse serum (up to 0.3 ml, i.e. 1 mg of transferrin) for up to 18 months. The total iron load contribution from these maintenance injections is negligible [7] . Heterozygotes (hpx/+) grow normally, with no evidence of anaemia and no significant iron overload [2, 41 . The colony was regularly tested for pathogens and was free from mouse hepatitis virus and Sendai virus. Mice were maintained on Biosure diet CRM (Special Diet Services, Manea, Cambs., U.K.) fed ad lib. Mice were killed by bleeding from the heart after surgical anaesthesia [4] .
Tissue uptake of radioiron after intestinal absorption
Duodenal iron absorption in vivo was measured by injecting a radioiron solution [250 pmol/l 59Fe-NTA2 (NTA is nitrilotriacetate) in 10 mmol/l Hepes, pH 7.0/0.15 mol/l NaCl] into a tied-off duodenal segment in anaesthetized mice [4] . The lumen of the segment was gently prewashed with warm 0.15 mol/l NaCl before injection of the radioiron solution. After 10 min incubation, the segment was removed, washed with 20 ml of ice-cold 0.15 mol/l NaCl, blotted and weighed. Liver and pancreas were removed and weighed. These tissues were counted for 59Fe in a gamma-counter (LKB Wallac 80000). The carcass was counted for 59Fe in a twin-channel small animal whole-body gamma counter. Liver and pancreas radioiron uptake are expressed as a percentage of total radioiron absorbed into tissues plus carcass and given relative to organ weight.
Histology
Tissues were removed and pieces (1-5 mg wet weight) were fixed in form01 saline and embedded in paraffin wax. Sections (5pm) were cut and stained with haematoxylin and eosin, Perls' stain for iron and Picro-Mallory trichrome stain. Macrophages were stained with F4/80 antibody (Serotec, Kidlington, Oxford, U.K.), which is directed against the plasma membrane glycoprotein gp160 [13] , rabbit anti-rat IgG conjugated to biotin and a standard avidin/biotin/peroxidase (ABC) immunohistochemical technique.
Ultrastructural studies
Fragments of tissue were quickly removed and immersed in cold 30 g/kg glutaraldehyde in 0.1 mol/l cacodylate buffer (pH 7.4) for 2 h, postfixed in 10 g/kg osmium tetroxide for 1 h, dehydrated in ethanol series and embedded in epoxy resin. Semithin sections (1 pm) stained with Toluidine Blue were used for orientation, cell identification and observation of gross histopathological changes. Ultrathin sections (60 nm) were cut with a diamond knife and either left unstained or stained with lead citrate for 2 min. Sections from three different blocks of each specimen were viewed and photographed with JEOL JEM 1OOSX and 1OOCX electron microscopes, operated at 80 kV.
Biochemical assays
Tissue non-haem iron levels were determined as described previously [4] . Serum total a-amylase activities were measured by an enzymic colorimetric method with a blocked p-nitrophenyl maltoheptoside substrate at 37°C (a-amylase EPS, Boehringer Mannheim, Lewes U.K.). The end product, p-nitrophenol, was monitored at 405 nm. Serum lipase activities were assayed by a kinetic colorometric method at 37°C involving the hydolysis of a 1,2-diglyceride substrate and coupled enzyme reactions (Lipase-PSm, Sigma Chemical Co. Ltd., Dorset, U.K.). The end product was monitored at 550nm. Both amylase and lipase methods were automated on the Cobas Bio Centrifugal analyser (Roche Diagnostic Systems, Herts., U.K.).
Total RNA was extracted from pancreas by the single-step protocol of Chomczynski and Sacchi [14] . Before electrophoresis, 30 pg of total RNA was added to loading buffer [60 g/kg formaldehyde/ 500 g/kg formamide/l x Mops buffer (0.04 mol/l Mops/O.Ol mol/l sodium acetate/0.001 mol/l EDTA) and ethidium bromide (10 mg/ml loading buffer)], heat denatured at 94°C for 2 min, and placed on ice. Samples were loaded on denaturing (formaldehyde) 10 g/kg agarose gels and electrophoresed at 90 V for 1.5 h. After electrophoresis, the gels were photographed and the RNA transferred by capillary blotting onto nylon membranes in accordance with the manufacturer's instructions (Gene screen, Dupont, Stevenage, Herts., U.K.).
A mouse amylase probe (862 bp) corresponding to nucleotides 612-1474 of the mouse sequence was PCR amplified from mouse pancreatic cDNA. The PAP clone was PCR amplified from mouse duodenal cDNA. The product corresponded to -400 nucleotides of sequence immediately 5' to the poly adenylation site of the mouse PAP gene. The PAP probe was cloned into TA vector (Invitrogen, De 
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Schelp, Leek, The Netherlands) and sequenced using taq cycle sequencing. A PAP DNA probe was made by amplification of the insert by PCR using flanking primers to the vector sequence. The probes were cleaned with Wizard PCR preps (Promega, Southampton, U.K.) and labelled with [32P]dATP (Amersham Plc, Amersham, Bucks., U.K.) according to the hexanucleotide priming method of Feinburg and Vogelstein [15] . Membranes were pre-hybridized with a solution of 2 g/kg BSA, 2 g/kg polyvinylpyrrolidone [relative molecular mass (Mr) 40 0001, 2 g/kg Ficoll (Mr 400 000), 50 mmolfl Tris/HCl (pH 7.5), 0.15 molfl sodium pyrophosphate, 10 g/kg SDS, 100 g/kg dextran sulphate, 500 g/kg formamide, l.Omol/l NaCl and denatured salmon sperm DNA (0.1 mg/ml) (all reagents were molecular biology grade from Sigma Plc) for at least 2 h. The labelled probe was then added and the hybridization continued overnight. Before autoradiography, membranes were washed stringently with a solution of 0.2xSSC (0.1 xSSC is 0.15 molfl NaCl plus 0.015 molfl sodium citrate)/l g/kg SDS at 65°C for 1 h or more. Films (Kodak RX) were placed in contact with the membranes in cassettes containing intensifying screens and exposed at -70°C. Blots Slopes and intercepts of regression lines were compared using 't tests as described by Mather [16] .
Comparison between groups was by Wilcoxon's rank sum test [17] .
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RESULTS
Pancreatic and liver non-haem iron levels
Tissue iron levels were determined in liver and pancreas of hpxkpx mice at various ages from 3 weeks to 18 months (Fig. 1) . In a previous study of 12-month-old mice, no difference in iron levels between wild-type (+/+) and heterozygotes (hpx/+) was noted, so in the present work we have used a mixed control group (+/-). We also examined the data for possible gender differences in loading, but there was no significant difference in the slope or intercept of the initial increase in pancreas iron level (P = 0.38 and P = 0.46 respectively), nor was there a difference in control pancreatic iron level (P = 0.72) between the genders. Data for both genders were therefore combined for further analysis.
Figure 1(A) shows that pancreatic iron levels increased linearly for approximately 9 months (P<O.OOl) and then an abrupt change in slope occurred (P -= 0.001). Iron loading then tended to decrease (P<O.Ol). In control mice, pancreatic iron levels increased linearly (P < 0.001) over the whole period of study, but at a much lower level. At peak levels, hpxkpx pancreatic iron levels were 82 times higher than controls of the same age. It is noteworthy that the zero time intercepts for both control and hpxkpx (rising phase) mouse pancreas were significantly different from zero tissue iron level (PcO.05 and P<O.OOl respectively). In the case of hpxkpx mice, this intercept was negative. Closer examination of the iron levels in younger mice showed that the fitted lines for iron levels in control and hpxkpx mouse pancreas intersected at 23 days of age. Actual values for pancreatic iron in recently weaned mice (age 23-25 days) were higher in hpx/ hpx mice compared with controls [2.85 nmol/ mg (SEM 0.29; rz = 3) compared with 0.43 nmol/mg (SEM 0.10; n = 3)]. This suggests that the rate of pancreatic iron loading in hpxkpx mice is lower before weaning, although excess deposition of iron in the pancreas still occurs.
Figure 1(B) shows that liver iron loading progressed linearly over the whole period from 6 weeks to 18months of age in both control and hpxkpx mice. The rate of increase of liver iron was significantly higher in hpxkpx compared with control mice 
Pancreatic and liver uptake of recently absorbed iron
The abrupt end to pancreatic iron accumulation might be attributable to a change in intestinal iron absorption, therefore we investigated iron absorption in vivo from tied-off segments of duodenum in 12-month-old hypotransferrinaemic and control (mixed group of heterozygotes and wild-types) mice. Iron absorption (total mucosal uptake, incubation time 10min) was still increased to a similar degree to that seen in 6-8 week old mice [4] [hypotransferrinaemic; 86.4 pmol/mg of gut (SEM 14.8; n = 4) compared with 21.9pmol/mg of gut (SEM 2.2; n = 3)]. Table 2 shows the uptake of recently absorbed radioiron by liver and pancreas, after incubation of a tied-off duodenal segment with radioiron solution. It can be seen that radioiron is deposited much more rapidly in the liver of hpxkpx mice than in the pan- creas. There was no difference in tissue deposition of radioiron between control and hpx/hpx pancreas. It is possible to make approximate calculations of dietary iron uptake by tissues by using the tissue radioiron uptake data and assuming values for daily dietary iron absorption of 56 nmol/day for controls and 280nmoUday for hpxkpx. These values were derived from published estimates of daily iron losses and total body iron content in normal mice (4.5 g day-' kg-1 and 0.7 mg [18, 191 respectively) and an assumption that hpx/hpx mice have a 5-fold increase in iron absorption [4] . Using these values, together with those in Table 2 , an estimated pancreatic uptake of absorbed dietary iron of 0.0018 nmol day-' (mg of tissue)-' was calculated for control mice and 0.018 nmol day-' (mg of tissue)-' for hpxkpx mice respectively. Liver iron uptakes of 0.0095 and 0.26 nmol day-l (mg of tissue)-' respectively were calculated for control and hpxkpx liver.
Histological changes
Haematoxylin-and eosin-stained sections showed normal acinar and ductal structure in hpxkpx mice of less than 6 months of age. Older mice showed disappearance of acinar tissue with replacement by degenerated cells and small cell infiltrates (Fig. 2) . Pigment, confirmed to be iron by Perls' staining, was seen to be abundant in pancreatic acinar cells and in a minor population of infiltrating macrophages. Much smaller amounts of iron were seen in pancreatic ductal epithelium and in islets of Langerhans. There was a general decrease in iron staining with age in pancreatic acinar cells from a peak at 9 months. Trichrome staining showed a mild increase in collagen deposition within the pancreas. The presence of infiltrating macrophages was confirmed by immunohistochemical staining with F4/80 monoclonal antibody.
Mice aged 9months and more showed a patchy infiltrate, composed predominantly of small lymphocytes with occasional plasma cells. The findings in older hpxkpx mice were similar to those reported previously [7] .
Ultrastructural studies
General considerations. There were noticeable differences between specimens obtained from the younger (3-month-old) and the older (6-18-monthold) hpxkpx mice. The major findings were a progressive increase in the amount of iron, identified as ferritin particles and haemosiderin aggregates, and a change in the cell type and ultrastructure of cells present in the specimen. The electron microscopic examination confirmed the increase in iron-storing compounds up to 9months of age in acinar cells, paralleled by evidence of ultrastructural abnormality and marked reduction in their secretory activity. At 9months of age and beyond, residual acinar cells showed, in addition to the iron-containing bodies, various signs of damage. The remaining acinus was occupied by smaller, degenerated cells, which also showed iron-containing bodies, and advanced organelle damage.
Specific features. Three-month-old mice. Acinar cells showed ferritin as particles dispersed in the cytosol, and a few membrane-limited bodies containing ferritin and/or haemosiderin (siderosomes) [20, 211. An unusual finding was the presence of a large accumulation of amorphous material within single membrane-bound bodies. These bodies showed a variable content of ferritin particles, from practically nil, to an amount which made resolution of the individual particles impossible (Figure 3) . A distinctive feature of these bodies was the presence of electronlucent areas forming 'clefts'. Zymogen granules were adjacent to, but not intermingled with, siderosomes and clefted bodies. Notwithstanding the presence of rare siderosomes in the interstitial cells, other cell types did not show siderosis or other ultrastructural abnormalities. Six-month-old mice. Acinar cells showed marked siderosis, with many typical siderosomes and increased electron-density, as well as more 'clefted' bodies, in which numerous ferritin particles were present (Figure 4, top) . Most acinar cells showed markedly disturbed ultrastructure, with disordered cisternae of the rough endoplasmic reticulum (RER) and the presence of vacuoles.
Nine and twelve-month-old mice. At this stage the light microscope showed residual acinar cells forming micronodules, amid smaller, atrophic cells. Only a few acinar cells appeared normal, while most showed marked siderosis, especially in the form of clefted bodies. Other marked ultrastructural abnormalities included disorganized cisternae of RER, and a noticeable reduction in zymogen granules, which were dispersed and without polarity (Figure 4 , middle and bottom panels). The smaller, atrophic cells surrounding the micronodules of acinar cells, were shown by electron microscopy to be degenerated acinar cells. This was ascertained by the presence in these cells of isolated zymogen granules and of clefted bodies, identical with those seen in acinar cells which still contained RER. In the interstitium, siderosome-containing macrophages were seen, as well as occasional clusters of small lymphocytes. Bundles of collagen fibres were also seen in a few interlobular and interacinar areas. Eighteen-month-old mice. The proportion of residual acinar secretory cells appeared to be reduced even more, with most of the acinus now being formed by the atrophic, degenerated cells. All cell types showed many iron-containing bodies, but apparently not more than in specimens from 9-12-month-old mice. More interstitial macrophages containing siderosomes and other types of lysosomes were seen.
Islet cells. In specimens from mice aged 3 and 6 months, islet cells with few ferritin particles in the cytosol were found. Rare siderosomes, similar to those found in the pancreas of carbonyl iron-fed rats [ll], were also found. We could not identify islet cells in the samples from mice aged 9-18monthsY possibly due to the extensive degenerative changes. Table 3 shows the levels of serum markers for acinar pancreatic damage (amylase, lipase). The control group showed no significant difference between heterozygotes and wild-type mice (P>0.82). The data showed no significant correlation between age and the activity of marker enzymes in hpxhpx mice. Lipase activity was significantly elevated in hpxhpx mice, compared with controls. Examination of data for mice less than 9 months old also revealed a significant increase in serum lipase (PcO.02). Serum amylase showed no significant change; amylase activity is not a sensitive marker for pancreatic damage in rodents due to a high contribution to serum amylase of the salivary component [22] . Figure 5 shows the mRNA levels for amylase and PAP in pancreases of various ages. Amylase showed relatively constant expression in control mice. In hpxhpx mice, expression was constant up to 6months of age, and then declined. PAP was not expressed in control pancreas. In hpx/hpx mice, PAP mRNA levels increased at 6 months of age and were particularly high at 9 months of age.
Biochemical markers
DISCUSSION
The present work demonstrates that pancreatic iron loading develops linearly in hpxhpx mice. The source of the iron is presumed to be plasma nontransferrin-bound iron [23] . Studies of the distribution of radioiron absorbed from the intestine in hpxbpx mice suggest that more radioiron is deposited in the liver than in the pancreas. The rate of increase of non-haem iron in the pancreas is, however, greater than in the liver. The measured rate of increase in tissue non-haem iron level in control mouse pancreas could be readily explained by calculation of tissue uptake of dietary iron. The liver, however, shows a 3-fold higher calculated uptake than the measured rate of increase in both control and hpxbpx mice. In the pancreas of hpxl hpx mice, the rate of increase of non-haem iron is more than 10-fold higher than the calculated rate of deposition of absorbed dietary iron. The data are consistent with there being a significant slow redistribution of iron from the liver to the pancreas in hpxbpx mice. There is also likely to be significant excretion of iron by the liver. Rodents can excrete iron in the bile [24, 251 , and there is histological evidence that this occurs in hypotransferrinaemic mice [7, 81 . It would appear that the undamaged pancreas lacks the ability to excrete or recycle iron. The plasma of hypotransferrinaemic mice contains large amounts of ferritin and other forms of non-transferrin-bound iron [23] , while the transferrin concentration remains low most of the time. This suggests that pancreatic acinar cells are able to take up non-transferrin-bound iron. Studies by Lu et al. [26] have shown that rat pancreatic cells can take up iron after injection with Fe-NTA and that the cellular distribution of iron is linked to the distribution of transferrin receptor [26] . They further showed that acinar cells have relatively lower levels of this receptor than islet cells. The relative sparing of islet cells in hypotransferrinaemic mice, together with the high loading of acinar cells, therefore suggests that non-transferrin-bound iron uptake is responsible for the loading. showed that pancreatic iron accumulation occurred only after redistribution from liver reticuloendothelial cells and was correlated with levels of circulating transferrin-bound iron. As with the present study, iron was deposited predominantly in the secretory regions of acinar cells.
Electron microscopy of the pancreas in hpxhpx mice confirms and expands the biochemical and histological findings in these mutant mice. Iron is progressively accumulated by the acinar cells, in the form of cytosolic ferritin and as ferritin and/or haemosiderin in membrane-bound bodies, apparently reaching a plateau towards 9months of age. In parallel with the iron overload, severe morphologic changes take place, also involving the secretory apparatus of acinar cells. The remaining, degenerated cells, have a smaller volume, as a result of the loss of RER and other organelles, but still contain excess iron in sequestering bodies. An observation of special interest is the presence of the 'clefted' bodies in the acinar cells of 3-month-old hpxhpx mice, but not in controls. At this early stage, not all clefted bodies show ferritin particles, and clefted bodies can be found in cells without evidence of iron overload. It is therefore likely that these amorphous matrix-containing bodies result from an abnormal (perhaps proteinaceous) secretion of the acinar cells, typical for the mutant mice. While their location could correspond to the cisternae of RER, the absence of a bordering RER, lined by ribosomes or degranulated, does not lend support to such a proposition. The presence of a single-limit membrane is more in favour of the lysosomal nature of the clefted bodies.
The presence of ferritin particles within these bodies is not surprising, since ferritin is transported into lysosomes [27, 281, adheres to phospholipidic membranes [29] and to various matrices such as lipofuscin [30] . Whether the amorphous contents derive from altered zymogen is not known, but it is noteworthy that ferritin particles have been repeatedly found in association with zymogen granules in iron-loaded gerbils (T.C. Iancu, unpublished work). Since this was not observed in the mutant mice, we assume that different conditions are required for the zymogen-ferritin association. Beyond 9 months of age, the pancreas of the hpxhpx mice appears to be practically destroyed and similar to the rare observations of the pancreas in human haemochromatosis [31] . Electron microscopy identified the small cells replacing destroyed acinar cells, as degenerated, atrophic acinar cells, based on the presence of individual zymogen granules and iron-containing clefted bodies.
Biochemical markers
PAP is a marker for acute experimental pancreatitis in rats [12] and is increased in the serum of humans with pancreatitis [32] . PAP is a secreted protein and is synthesized by pancreatic acinar cells. There was clear evidence that tissue PAP mFWA was increased in hypotransferrinaemic mouse pancreas after 6 months, suggesting a disturbance of pancreatic cells similar to pancreatitis. Amylase is synthesized by pancreatic cells and the level of mRNA for this protein would be expected to reflect the functional capacity of the tissue, given no changes in diet consumption or composition between hpxhpx mice and controls (R. Simpson, unpublished work). The decline in amylase mRNA levels beginning at 9months parallels the loss of histologically-recognizable pancreatic acinar cells. The finding that PAP continues to increase at 9 months of age, despite loss of acinar cells, is consistent with induction of PAP in response to tissue damage.
The release of pancreatic enzymes into serum, together with the induction of PAP, preceded the appearance of morphological changes in pancreatic acinar cells.
Comparison with other models of iron overload and human haemochromatosis
The peak iron levels seen in hypotransferrinaemic mice exceed those seen in iron-loaded rats by about 3-fold [lo, 111 and correspond with the highest levels in haemochromatotic pancreas [33] . The histological picture of micronodules and large areas of loss of secretory epithelium resembles the haemochromatotic pancreas. Animal models showing these changes have not previously been reported, perhaps because of the failure to achieve comparable degrees of iron loading. The gross fibrosis seen in human haemochromatosis [34] is not present in the hypotransferrinaemic mouse, although some fibre deposition was evident. Endocrine pancreatic dysfunction is a common feature of human haemochromatosis. In an earlier sudy [7] , we observed increased plasma glucose in hpxhpx mice. However, islets are spared from iron loading in these mice and further work is needed to investigate their islet cell function. It is possible that the pancreas possesses a greater reserve capacity for exocrine function than for insulin secretion.
The appearance of histological evidence of tissue damage at 9 months of age is suggestive of a threshold level of iron, above which a switch to loss of secretory cells occurs. The susceptibility of pancreas to widespread acinar damage may be attributable to the greater levels of iron loading achieved in this tissue, rather than any particular sensitivity of the cells to iron.
There is some controversy as to whether iron alone can explain the pathological changes seen in iron overload conditions [35] , or whether particular tissue susceptibility to iron toxicity [36] , specific cellular effects of iron [37] or other factors [38] (dietary, drugs) are required.
Hypotransferrinaemic mice have not yet been subjected to manipulations, such as additional dietary iron loading, dietary modifications or drug treatments, to investigate further the toxicity of iron overload. The present work suggests that such studies would be useful in resolving these controversies.
